o C e a N i C S P r e a D i N g C e N t e r P r o C e S S e S | ridge 2000 P r o g r a M r e S e a r C h is currently a notable lack of process-oriented studies that would allow an assessment of the larger role of these ecosystems in global biogeochemical cycles. By combining the presently available powerful "omic" and single-cell tools with thermodynamic modeling, experimental approaches, and new in situ instrumentation to measure rates and concentrations, it is now possible to bring our understanding of these truly fascinating ecosystems to a new level and to place them in a quantitative framework and thus a larger global context.
Chemoautotrophy
at Deep-Sea Vents Past, Present, and Future
B y S t e F a N M . S i e V e r t a N D C o S ta N t i N o V e t r i a N i
o C e a N i C S P r e a D i N g C e N t e r P r o C e S S e S | ridge 2000 P r o g r a M r e S e a r C h (Lonsdale, 1977; Corliss et al., 1979) to identify an ecosystem where chemosynthesis-as opposed to photosynthesis-is the predominant form of organic carbon production (Jannasch and Wirsen, 1979; Jannasch and Mottl, 1985) .
The discovery of deep-sea vents profoundly changed our view of life on Earth and made it abundantly clear that life could exist in the complete absence of light as the main source of energy. It is quite remarkable that we were able to send people to the moon and explore other stars within the universe before ecosystems solely based on chemosynthesis were discovered on our planet.
However, the last 35 years or so have seen groundbreaking discoveries in deep-sea hydrothermal vent research, and the amount of knowledge obtained during this short amount of time is truly astonishing, especially considering the remoteness of the sites and the relatively modest amount of funds available for research.
With the current Ridge 2000 Program
coming to an end, it is timely to summarize our current knowledge in the area of deep-sea hydrothermal vent microbiology and biogeochemistry and to point a way forward to bring our understanding of these systems to a new level.
In a seminal review, Karl (1995) We now know that deep-sea hydrothermal vents are located in a variety of aBStr aCt. Chemolithoautotrophic microorganisms are at the nexus of submarine environments that include mid-ocean ridge and back-arc spreading centers, hotspot volcanoes, seamounts, and off-axis locations. Each of these environments is characterized by distinct differences in the discharged hydrothermal fluids and resulting biological communities (Reysenbach and Shock, 2002; Kelley et al., 2002; Schrenk et al., 2010 (Jannasch, 1995; Jannasch and Mottl, 1985) . Although the validity of this conceptual framework is well estab- (Reysenbach and Shock, 2002; Campbell et al., 2006; Nakagawa and Takai, 2008; (Table 1; Campbell et al., 2006; Nakagawa and Takai, 2008) , (2) (Schmidt et al., 2008; Houghton and Seyfried, 2010; Amend et al., 2011; Flores et al., 2011; Roussel et al., 2011; Takai and Nakamura, 2011) .
In the future, the addition of "omic" approaches should increase the power of such analyses by also assessing the kinds of pathways present and expressed in the respective communities. (Shock and Holland, 2004) .
At present, however, the importance of hydrogen oxidation for chemoautotrophic production is poorly constrained. The fact that it is used by symbioses suggests that it is probably also widespread among free-living microbes, which is supported by recent studies using a combination of approaches, including thermodynamic modeling in conjunction with microbial diversity assessments, geochemical flux measurements, and/or incubation studies (Perner et al., 2010; Takai and Nakamura, 2011; Wankel et al., 2011) . 
r ate MeaSureMeNtS
Since the early days of the discovery of deep-sea hydrothermal vents, efforts have been made to determine rates of chemoautotrophic production, a key parameter for estimating the productivity of these systems. In particular, Holger Jannasch and colleagues carried out a number of experiments (both at the seafloor and aboard ship) to measure chemoautotrophic production (e.g., Tuttle et al., 1983; Wirsen et al., 1986 ). These pioneering experiments showed very low rates in the range of 
CheMoautotroPhiC MiCroBiaL BioFiLMS
Early studies of the ecology of deep-sea hydrothermal vents included observations of white microbial growth on the basalt in proximity to diffuse-flow vents, as well as descriptions of microbial attachment to animate and inanimate surfaces (Lonsdale, 1977; Jannasch and Wirsen, 1979, 1981; Jannasch and Taylor, 1984; Jannasch, 1985 at new vents where they form extensive biofilms that may play a critical role in "conditioning" the environment for metazoan settlement (Taylor et al., 1999; López-García et al., 2003; Alain et al., 2004 ). Based on current knowledge, the microorganisms that colonize deep-sea vents are expected to be able to adhere to solid substrates (to better access nutrients in these highly turbulent environments), to be metabolically versatile Von Damm, 1990 , 1995 . However, heavy metals may be mobilized and/or detoxified by microbial activities mediated by genetically encoded functions for the integrated study of individual genomes that can be adapted to the whole community (e.g., Covert et al., 2001 Covert et al., , 2004 Stolyar et al., 2007; Zhang et al., 2009; Feist et al., 2009 ). In such an approach, the community-specific "-omics" data can be linked to geochemical and physicochemical data to identify the pathways responsible for the adaptation of microbial communities to specific environmental conditions. In addition, 
